We demonstrate the laser excitation of the n = 3 state of positronium (Ps) in vacuum. A combination of a specially designed pulsed slow positron beam and a high-efficiency converter target was used to produce Ps. Its annihilation was recorded by single-shot positronium annihilation lifetime spectroscopy. Pulsed laser excitation of the n = 3 level at a wavelength λ ≈ 205 nm was monitored via Ps photoionization induced by a second intense laser pulse at λ = 1064 nm. About 15% of the overall positronium emitted into vacuum was excited to n = 3 and photoionized. Saturation of both the n = 3 excitation and the following photoionization was observed and explained by a simple rate equation model. The positronium's transverse temperature was extracted by measuring 2469-9926/2016/94(1)/012507 (7) 012507-1 Published by the American Physical Society S. AGHION et al. PHYSICAL REVIEW A 94, 012507 (2016) the width of the Doppler-broadened absorption line. Moreover, excitation to Rydberg states n = 15 and 16 using n = 3 as the intermediate level was observed, giving an independent confirmation of excitation to the 3 3 P state.
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I. INTRODUCTION
Positronium (Ps) is a purely leptonic hydrogenlike bound state composed of an electron (e − ) and its antiparticle, the positron (e + ). Its long-lived 1 3 S state (ortho-positronium, o-Ps) predominantly annihilates into three photons with a lifetime of 142 ns in vacuum. Since the discovery of Ps in 1951 [1] , it has become a prime testing ground of boundstate QED [2] . Up to now, the first excited state n = 2 and the Rydberg levels n = 10-31 have been experimentally observed [3] [4] [5] [6] [7] [8] . Laser excitation of o-Ps has proven to be a very useful spectroscopic tool [9] ; it also allows us to study or modify Ps formation [10, 11] , and to prepare selected states for further manipulation [8, 12, 13] .
Ps also has been identified as a promising intermediate system for antihydrogen production via a charge-exchange reaction with an antiproton [14] [15] [16] [17] [18] [19] . Specifically, laser excitation of Ps is of interest for antimatter gravity experiments. The GBAR (Gravitational Behavior of Antihydrogen at Rest) experiment, for example, plans to create positive antihydrogen ions by projecting slow Ps through a cloud of cold antiprotons [20, 21] . This charge-exchange process is expected to benefit by exciting Ps to the n = 3 level [22] [23] [24] . A further remarkable increase (according to a cross-section power law proportional to n 4 ) is expected, exciting Ps to Rydberg states [15, 16] with a two-step pathway that has been observed and well demonstrated using n = 2 as an intermediate step [6, 8] . The AEgIS experiment is pursuing an alternative scheme, using n = 3 as an intermediate step to excite Ps Rydberg states [19, 25] , as measured for the first time in the present work.
Moreover, excitation of the Ps n = 3 level can be an efficient pathway for producing a beam of metastable 2 3 S Ps atoms by spontaneous decay. In fact, the theoretical prediction for the ratio of the spontaneous emission rates (3
S) is 13.4% [26] . Experimentally, it has been demonstrated that in the hydrogen system the branching ratio from n = 3 to 2 3 S is about 12% [27] . Using scaling considerations between hydrogen atom and the hydrogeniclike Ps, their branching factors are expected to be identical. This makes the production of the n = 2 metastable state using n = 3 as the intermediate level a potentially interesting alternative to other methods, for instance, two-photon laser induced transition from 1 3 S to 2 3 S, which has been realized in various configurations, both pulsed [4] and continuous [28] . This could open the way to * [28] and interferometry experiments with long-lived Ps beams [13] .
In this work we demonstrate an efficient excitation of the n = 3 level in Ps. For this purpose, we used a pulsed laser system that was developed with the aim of efficiently saturating the 1 3 
S-3
3 P transition [29] in the cryogenic and high-magnetic-field environment of the AEgIS main trap, in which antihydrogen formation is planned to occur [19] . To fulfill this requirement the laser was developed with a bandwidth able to cover the Doppler broadening and most of the motional Stark mixing of the transition.
II. EXPERIMENTAL
The present experiment was performed in a chamber in which Ps annihilations were monitored using the single-shot e + annihilation lifetime spectroscopy (SSPALS) technique [30, 31] . The population of the n = 3 level was independently confirmed by photoionization and by the excitation of Rydberg levels using a second laser. The experimental setup is described in detail in Refs. [32, 33] . Briefly, positrons emitted by a 11 mCi 22 Na source were slowed down by a solid Ne moderator [34] and then prepared by a Surko-style trap [35] and accumulator. After rotating-wall compression [36] , 20-ns bunches containing 3 × 10 7 positrons each were produced by fast-switched electric potentials and transported to a magnetic-field-free region. There they were recompressed [37] with a 24-electrode buncher [33] into a pulse of about 7 ns and accelerated onto a nanochanneled silicon target with a kinetic energy of 3.3 keV. In the target, e + are efficiently converted into o-Ps and emitted into vacuum [38, 39] . Using a calibrated CsI detector and a microchannel plate (MCP) with a phosphor screen in place of the silicon target, it was estimated that 30-40% of positrons released from the accumulator hit the sample in a spot of < 4 mm full width at tenth of maximum (FWTM). Two symmetric coils allow tuning of a longitudinal magnetic field in the sample region to induce o-Ps quenching [3, [40] [41] [42] . All experiments were performed in a 600-V/cm electricand 0.025-T magnetic-field environment, with the magnetic field perpendicular to the target, which was kept at room temperature.
A 20 × 25 × 25-mm lead tungstate (PbWO 4 ) scintillator [31] coupled to a Hamamatsu R11265-100 photomultiplier tube (PMT) was placed 40 mm above the sample to record γ rays emitted in positron-electron annihilations. The geometry of the Ps production region with the distances of the target from the walls of the chamber is shown in Fig. 1 . To enhance resolution at the longest decay times, the signal from the PMT was split and sent to two channels of a 500-MHz oscilloscope with high (100 mV/division) and low (1 V/division) gain. Joined data from the two channels give the SSPALS spectra shown in Fig. 2 when e + are bunched on the surface of the MCP (no Ps formation; background) and on the target (Ps formation). The laser setup is described in detail in Ref. [29] . The first laser system was able to deliver 54-μJ pulses of UV light to the experimental room-temperature chamber, in a wavelength range 204-206 nm. The wavelength was tuned by adjusting the temperature of an optical parametric generator crystal. The pulse has a horizontal polarization, i.e., perpendicular to the sample (see Fig. 1 ); an asymmetric, nearly Gaussian temporal profile with a full width at half maximum (FWHM) of t UV ≈ 1.5 ns; a Gaussian-like spectral profile with σ laser ≈ 2π × 48 GHz; and a slightly elliptical Gaussian spatial shape, with FWHM vertical = 6 mm and FWHM horizontal = 4 mm [43] . A second, intense IR laser pulse at 1064 nm was simultaneously delivered to the experimental chamber. This horizontally polarized pulse has an energy of 50 mJ and a temporal FWHM of 10 ns. It was superimposed on the 205-nm pulse both in time, with a precision of 1 ns using an optical delay line, and in space, by increasing its size so as to completely cover the excitation pulse area (top-hat profile of 8-mm diameter). Both beams were aligned on the target region by monitoring their position with a CCD camera on a 1-in. Macor screen placed inside the vacuum region, a few cm away from the target. A mutual synchronization of positrons and laser pulses with a time resolution of 2 ns and a jitter of less than 600 ps was obtained by a custom field-programmable gate array based synchronization device. The time delay between the prompt positron annihilation peak and the laser pulses was set to 16 ns (vertical arrow in Fig. 2 ).
III. RESULTS AND DISCUSSION
The fraction of excited o-Ps was measured by analyzing the decrease in the annihilation rate in the SSPALS spectra induced by populating the 3 3 P state. Two methods can be used for this purpose: (i) quenching in a magnetic field or (ii) photoionization with the IR laser pulse. In the absence of a magnetic field, 3 [26] , and can decay toward the 1 1 S state, subsequently annihilating with a lifetime of 125 ps into two γ rays; otherwise, (ii) photoionization of the 3 3 P state dissociates the Ps and the free positrons are quickly accelerated toward the last negative electrode of our setup, where they annihilate. Whichever technique is chosen, both processes result in a decrease of the o-Ps population decaying into three γ s. The fraction of excited o-Ps can be evaluated by analyzing the decrease in the area below the SSPALS spectra when quenching or photoionization are applied. The fraction S of quenched or ionized o-Ps atoms was evaluated from the areas f off and f on of the SSPALS spectra, with UV laser (or UV+IR lasers) off and on, between 50 and 250 ns from the prompt peak:
To predict the value of the external field required to get the maximum magnetic quenching efficiency, we used a simulation code which performs the numerical diagonalization of the full interaction Hamiltonian in arbitrary electric and magnetic fields and calculates the generalized Einstein coefficients and sublevel lifetimes. These coefficients were fed into a rate equation solver [26] to study the complex excitation dynamics of Ps considered as an incoherent process induced by the UV laser pulse at resonance, and assuming ideal conditions (exact superposition of the UV laser bandwidth on Ps Doppler linewidth, perfect temporal and geometrical overlap). According to simulation results, we obtain the maximum quenching efficiency of 17% on the n = 3 excitation with a 0.025-T magnetic field in the sample region (Fig. 3) . The results were largely independent of the Ps velocity. Similar simulations were performed to predict the total efficiency of the excitation+ionization processes, in the case of the superposition of the IR laser pulse, obtaining ∼93% with our laser parameters.
We then set a 0.025-T magnetic field in the sample region and measured the quenching efficiency following the n = 3 excitation. The SSPALS spectra obtained in this experiment are reported in the inset of Fig. 3 showing a small reduction of o-Ps annihilations in the selected S window when the UV laser is on. The maximum observed reduction through quenching was S = 3.6 ± 1.2%. When applying the IR pulse for photoionization, the decrease in o-Ps annihilations becomes plainly visible in the SSPALS spectrum of Fig. 2 , corresponding to S = 15.5 ± 1.1%. The ratio of the experimental to the theoretical efficiencies are 3.6/17 ≈ 0.21 and 15.5/93 ≈ 0.17, for quenching and ionization, respectively. The two ratios are in reasonable agreement with each other, indicating that our experimental efficiency is around 17-21% of the maximum theoretical one. In our experimental setup, the main limitations are due to the limited laser spectral width, that does not cover the entire Doppler profile of Ps emitted from a room-temperature target, and the limited geometrical overlap of the laser spot on the Ps cloud (see below).
We scanned the UV wavelength using an Avantes AvaSpec-3648-USB2 wavemeter (accuracy = ±0.02 nm). At each wavelength, the mean S value and its standard deviation were calculated for a sample of 15 shots (Fig. 4) .
Fitting a Gaussian to the resulting points gives the central value of the 3P excitation line at 205.05 ± 0.02 nm. The value predicted by theory is 205.0474 nm [26] . The saturation energies of both 1S-3P and 3P -ionization transitions have been studied (see Fig. 5 ). The 1S-3P transition appears only slightly saturated, while the 3P continuum is strongly saturated, meaning that almost all of the n = 3 atoms are photoionized as soon as they are excited. Thus, the S value found when photoionizing can directly be seen as the excitation efficiency. From our data we conclude that ≈ 15% of the overall positronium emitted in vacuum has been excited into the n = 3 state, and subsequently photoionized.
To analyze these results, we used a simple three-level rate equation model, which neglects spontaneous emission and assumes that the laser pulses are constant over the pulse time t. At strong IR intensities the n = 3 states are very quickly photoionized. This leads to a probability for Ps(n = 3) photoionization [44] :
where γ is the UV absorption rate. Our laser spectrum has a linewidth σ laser much larger than the ionization rate and of both the natural linewidth and the hyperfine splitting structure 
where δ is the laser frequency detuning with Ps at rest (v being the Ps velocity), k is the UV laser wave number, and (r) is the Rabi frequency that depends on the position r of the Ps in the laser beam. Spatial averaging with the (Gaussian) Ps density profile can then be performed. For our moderate saturation, we found it more meaningful to extrapolate the spatial averaging result-valid at low saturation (where p ≈ γ t)-by defining a geometrical overlapping efficiency coefficient η, and thus is replaced by its peak value. The probability of photoionization, assuming a Ps cloud at temperature T , is then given by
where σ v = √ k B T /m is the standard deviation of the velocity along the laser propagation axis. This formula was used to fit the data in Figs. 4 and 5(a). We find 2 = 8 × 10 10 s
, where E UV is the energy of the 205 nm laser, in μJ, and t UV the pulse length in seconds. This corresponds to a dipole strength d = 1.70 D, in good agreement with the theoretical value of 1.65 D predicted in Ref. [25] .
The line shape of Fig. 4 is almost entirely dominated by the thermal distribution of the Ps, so we obtain a standard deviation of o-Ps velocity in the transverse direction σ v ≈ 10 5 m/s, or a temperature T ≈ 1300 K.
The Ps transverse velocity component observed in the present experiment is in the same range of the mean longitudinal velocity component observed in the experiments of Refs. [39, 45] . Both measurements have been carried out using nanochanneled silicon samples with similar nanochannels size. This finding can be explained by two concurrent effects. The first could be ascribed to the different orientation of the produced nanochannels: samples of Refs. [39, 45] were produced by etching Si p-type crystals (100) oriented, while the sample used for the present measurement was produced by etching Si p-type crystals (111) oriented. In the first case nanochannels are expected to be rather perpendicular to the surface, while in the second case they are expected to form a network at 45
• with respect to the surface (see, for example, Ref. [46] ). The second effect could be due to a randomization of the Ps trajectories escaping into vacuum after the collision with the irregular walls of the nanochannels. From the scanning electron microscope images reported in Ref. [39] , it is evident that the outlets of the nanochannels are very "rough" on a microscopic scale, with different orientation of their surfaces. The last collisions of Ps could indeed produce as final effect an extremely wide angle of emission. Finally, a more isotropic emission could be expected at low positron implantation energies (i.e., more Ps formation near the surface) as in the present experiment.
According to the previously described fitting procedure, we also find a large geometrical overlap η ≈ 80%.
Considering that the laser bandwidth is σ laser = 2π × 48 GHz and the total Doppler broadened Ps linewidth is FIG. 6 . SSPALS spectra of Ps into vacuum with UV+IR lasers OFF in black, and laser UV+IR ON (205.05 + 1709 nm) in dark gray. Shown spectra are composed by averaging 40 single shots. Area between 300 ns (vertical dashed line) and 600 ns from the prompt peak has been considered for evaluation of S for Rydberg levels (see text).
kσ v ≈ 2π × 470 GHz, one should expect to reach an excitation efficiency up to 10% because of the convolution of the two spectral distributions. This confirms that the main limitation for efficient Ps excitation comes from the limited laser bandwidth compared to the Doppler profile.
Finally we used the rate equation model to fit the data in Fig. 5(b) and found a maximum ionization rate of 5.0 × 10 9 s −1 , corresponding to a photoionization cross section by the IR photons of ≈ 3.1 × 10 −17 cm 2 , in good agreement with the theoretical value of ≈ 3.5 × 10 −17 cm 2 . An independent test to demonstrate the excitation of the 3 3 P level was performed with an IR laser pulse suitable for exciting Ps to Rydberg levels. A first demonstration of Rydberg excitation using 3 3 P as the intermediate level was carried out by simply varying the wavelength of the IR pulse. Rydberg excitation increases the o-Ps lifetime, allowing a large number of o-Ps to reach the walls of the vacuum chamber. As a consequence, the SSPALS spectra show a decrease of annihilations immediately after the laser shot and an increase at later times (Fig. 6) [47] . In our experimental system, around 30% of the walls of the chamber reached by Ps atoms are between 4 and 6 cm far from the target (see Fig. 1 ). Assuming a Ps velocity of the order of 10 5 m/s, the annihilation of Ps with the walls is expected to take about 400-600 ns. This time is consistent with the increase of annihilations observed in Fig. 6 .
A scan of the IR laser wavelength was carried out in order to excite Ps from n = 3 to levels between n = 15 and 18, while the UV laser was kept on the resonance with the n = 1 → n = 3 transition (λ = 204.05 nm, E = 54 μJ). The IR pulse energy was kept constant during the scan at E = 1.1 ± 0.1 mJ. The Rydberg excitation signal was extracted from the SSPALS spectra by calculating the S parameter in the time window between 300 and 600 ns after the prompt positron annihilation peak.
The wavelength of the IR pulse was measured at the beginning of each set of 15 measurements, corresponding to one data point. To do so, a 1-cm lithium niobate doubling crystal was inserted in the laser line to send the second harmonic generated into a commercial Thorlabs CCS175 spectrometer, having a spectral range 500-1000 nm. In the range 1650-1720 nm, the doubling crystal has an acceptance bandwidth of 2π × 800-1000 GHz, much broader than the bandwidth of the IR pulse (σ IR = 2π × 48-106 GHz, depending on the mutual optical parametric amplifier (OPA) crystals alignment). The phase-matching angle of the crystal was optimized for each wavelength of the scan by maximizing the outgoing beam intensity, in order to avoid systematic effects related to a limited crystal acceptance angle. The CCS175 spectrometer was used during the data taking with its original factory calibrations. At the end of the measurement campaign, a spectrum of a mercury lamp was acquired with high statistics, using the same set of calibration coefficients. Five mercury lines in the range 541-707 nm were clearly identified. Together with the theoretical position of the first two YAG lines (531.91 and 1064.82 nm), these Hg peaks were used to fit a linear model to the NIST reference values for mercury in air [48] . A shift in the measured wavelengths in the range 532-1064 nm versus the reference NIST lines of 1.14 ± 0.86 nm was observed, while on the contrary the angular coefficient of the spectrometer was found compatible with unity within the statistical sensitivity. The statistical uncertainty for a single measurement in this wavelength range was found to be very close to the spectrometer specifications (0.57 nm measured versus 0.6 nm declared by manufacturer), even if its resolution of 6 px/mm would suggest a higher accuracy.
The IR laser spectrum is slightly asymmetric around the peak wavelength, due to different phase-matching angles of the OPA crystals. We corrected the data according to the linear model obtained from the calibration and considered the intensity-weighted average of the spectrum as central wavelength. This choice is motivated by the narrow IR laser bandwidth (σ IR = 2π × 48-106 GHz) compared to the observed kσ v ≈ 2π × 470-GHz linewidth of the n = 3 state. We expect the n = 15 level to be even more broadened than the n = 3 one, due to the added contribution from the motional Stark effect [49] , almost negligible for low excited states.
Despite this significant broadening of the Rydberg lines, we observed the n = 15 transition clearly isolated; for higher states, different n manifolds start to overlap in a continuum of energy levels [49] . This is shown in Fig. 7 , which reports experimental data together with a Gaussian fit of the Rydberg n = 15 line. The resulting peak wavelength has been determined to be 1710.0 ± 0.6 nm.
Contrary to the spectroscopic survey carried out in Ref. [8] , our experiment is performed in a 600-V/cm electric field. The zero-field excitation line central value for n = 15 is expected to be 1708.63 nm; hence our experimental data show a line shift of around 1.4 nm towards higher wavelengths, about ten times greater than the shift that can be evaluated by the presence of quadratic Stark effects.
The reason underlying this notable line shift is under investigation; a first suggested interpretation involves a dynamical feature provoking an uneven distribution of the exciting lines in arbitrary external electric fields, due to uneven dipole strengths FIG. 7 . Scan of the S parameter as defined in the test vs the IR wavelength in air in the range n = 15-18. The clearly identifiable peak, associated to the transitions to n = 15, has been fitted with a Gaussian. For n > 16, lines are no more clearly separated due to the excessive broadening.
of the transitions, for our electric-and magnetic-field conditions. This will be the topic of a future dedicated study [50] .
IV. SUMMARY
In the present work, we have demonstrated the laser excitation of Ps to the n = 3 state. The total excitation+photoionization efficiency of ≈ 15% is mainly limited by the ratio of the laser linewidth to the Doppler broadening of the Ps line. Reduction of the o-Ps emission velocity from the target is thus an obvious way to enhance the excitation efficiency. An excitation to Rydberg levels using 3 3 P as the intermediate state has also been shown, opening the possibility for further studies involving n = 3 −→ Rydberg transitions [49] . Hence, the production of Ps in the n = 3 level opens the way to many intriguing research subjects, ranging from the study and manipulation of long-lived exotic atoms to the production of ultracold antimatter. 
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